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The margin of the western North Pacific Ocean releases redox-active elements like Mn,
Co, and Ce into the water column to undergo further transformation through oxide
formation, scavenging, and reductive dissolution. Near the margin, the upper ocean
waters enriched in these elements are characterized by high dissolved oxygen, low
salinity, and low temperature, and are a source of the North Pacific Intermediate Water.
High dissolved concentrations are observed across the Western Subarctic Gyre, with
a rapid decrease in concentrations away from the margin and across the subarcticsubtropical front. The particulate concentrations of Mn, Co, and Ce are also high in the
subarctic surface ocean and enriched relative to Ti and trivalent rare earth elements.
Furthermore, the particles enriched in Mn, Co, and Ce coincide at the same depth
range, suggesting that these elemental cycles are coupled through microbial oxidation
in the subarctic gyre as the waters travel along the margin before being subducted at the
subarctic-subtropical front. Away from the margin, the Mn, Co, and Ce cycles decouple,
as Mn and Ce settle out as particles while dissolved Co is preserved and transported
within the North Pacific Intermediate Water into the central North Pacific Ocean.
Keywords: oxygen minimum zone (OMZ), biogeochemistry, North Pacific Intermediate Water (NPIW), western
subarctic North Pacific, mixed water region between Kuroshio and Oyashio, manganese, cobalt, cerium anomaly

INTRODUCTION
The lateral transport of material from continental margins can provide essential trace metals to the
ocean (Westerlund et al., 1986; Elrod et al., 2004; Lam et al., 2006; Lam and Bishop, 2008; AguilarIslas et al., 2013; Noble et al., 2017; Tagliabue et al., 2017). While surface maxima of manganese
(Mn) may result from atmospheric deposition or freshwater inputs (Shiller, 1997; van Hulten et al.,
2016), numerous studies have established the importance of Mn as a tracer of redox mobilized
sediment inputs from continental margins in the upper ocean. Dissolved Mn (dMn) is released
from sediments during reductive dissolution driven by bacterial respiration of organic matter and
associated diagenetic processes (Sundby et al., 1986; Burdige, 1993, 2006). Fluxes of dMn can persist
across the sediment-water interface even when overlying waters are suboxic or oxic and produce a
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where CeSN, LaSN and PrSN represent the shale-normalized REE
concentrations using Post-Archean Australian Shale (PAAS) as
in Rudnick and Gao (2003).
The redox activities of Mn, Co, and Ce also depend on
other chemical and biological factors. Low oxygen conditions in
sediments can release dissolved elements into the overlying water
column (Sundby et al., 1986). If this bottom water is also low
in oxygen, then the reduced forms may enjoy longer residence
times. Photochemical reduction (in reactions with dissolved
organic carbon and sunlight) may also prolong the residence
time of Mn in seawater (Sunda and Huntsman, 1994). Biological
Mn oxidation via bacterial or fungal mediated processes can
transform dissolved Mn to particles, and numerous studies have
shown that Co and Ce are similarly oxidized by the same
enzymatic pathway or by secondary oxidation by the reactive
particulate Mn-oxides (Tebo et al., 1984; Moffett, 1990, 1994b,
1997; Moffett and Ho, 1996; De Carlo et al., 1997; Murray et al.,
2007; Spiro et al., 2010; Schijf et al., 2015; Toyoda and Tebo,
2016). Although Ce has been shown to oxidize abiotically (De
Carlo et al., 1997), studies of Ce oxidation kinetics conducted
using seawater suggest a microbial role linked to Mn oxidation
and rates that are depth-dependent, where oxidation is photoinhibited in surface waters but increase with depth (Moffett,
1994a,b). Therefore, particles enriched in Mn, Co, and Ce can at
least partly (if not primarily) result from biological processes.
Redox mobilized shelf inputs of dissolved trace elements can
be preserved and transported offshore when the overlying waters
are also low in oxygen, especially in regions like the northern
Indian Ocean, the eastern Atlantic Ocean, and the eastern North
and South Pacific Oceans (Breitburg et al., 2018; Scholz, 2018).
In the northern Indian Ocean, the depths of the minimum
oxygen concentrations coincide with plumes of dissolved trace
elements like Mn (Saager et al., 1989; Lewis and Luther, 2000),
Fe (Saager et al., 1989; Kondo and Moffett, 2013; Vu and Sohrin,
2013; Grand et al., 2015a,b; Chinni et al., 2019), Co (Vu and
Sohrin, 2013), and Ce (German and Elderfield, 1990). In the
eastern South Atlantic, during the CoFeMUG cruise (Noble
et al., 2012; Zheng et al., 2016), Mn, Co, Fe, and Ce were all
enriched in subsurface plumes within the depth range of the
oxygen minimum zone. Similar inputs of Fe (Buck et al., 2015;
Fitzsimmons et al., 2015a; Hatta et al., 2015; Sedwick et al., 2015;
Klar et al., 2018), Mn (Wu et al., 2014; Hatta et al., 2015), and
Co (Noble et al., 2017) were found in low oxygen waters along
the Mauritanian coast. The oxygen minimum zones of the eastern
North and/or South Pacific regions contain high concentrations
of dissolved Mn (Vedamati et al., 2015; Chen and Wu, 2019),
Fe (Noffke et al., 2012; Chever et al., 2015; Glass et al., 2015;
Kondo and Moffett, 2015; Heller et al., 2017; Buck et al., 2018;
Cutter et al., 2018; Marsay et al., 2018), Co (Saito et al., 2004;
Hawco et al., 2016), and other redox active elements like iodide
(Cutter et al., 2018). Similar studies conducted in the Cariaco
Basin (Jacobs et al., 1987; de Baar et al., 1988) and the Black Sea
(e.g., Lewis and Landing, 1991; Yiğiterhan et al., 2011) show the
prevalence of concurrent inputs of redox active metals in a variety
of basins. In summary, while marine margin sediments can act as
a source of redox active trace elements to the overlying waters,
the oxygen minimum zones allow for extended residence times

characteristic subsurface plume enriched in dissolved Mn
(Landing and Bruland, 1980; Bishop and Fleisher, 1987; Stumm
and Morgan, 1995; Minakawa et al., 1996; Chase et al., 2005;
Vedamati et al., 2015; Oldham et al., 2017).
Manganese-enriched plumes (both dissolved and particulate)
have been observed along the coastlines of major ocean basins,
including Tokyo Bay (Noriki et al., 1997); the Japan Trench
(Otosaka and Noriki, 2000); the North Pacific Ocean (e.g., Martin
et al., 1985); the Peru margin (Vedamati et al., 2015); the Arctic
Ocean (Aguilar-Islas et al., 2007; Middag et al., 2011b); the
Southern Ocean in general (Middag et al., 2011a; Sherrell et al.,
2018), especially along the Antarctic Peninsula into the Weddell
Sea (Middag et al., 2013) and across the Drake Passage (Middag
et al., 2012; Klunder et al., 2014); the Indian Ocean (Saager
et al., 1989; Lewis and Luther, 2000; Vu and Sohrin, 2013);
the eastern North Atlantic Ocean (Tachikawa et al., 1999); the
South Atlantic Ocean at the Benguela/Angola front (Noble et al.,
2012); and the Kuril-Kamchatka margin (Lam and Bishop, 2008;
Lamborg et al., 2008).
In addition to Mn, other trace elements can be similarly
released from margin sediments via redox mobilization,
including Co (Noble et al., 2012, 2017; Hawco et al., 2016;
Tagliabue et al., 2018) and Ce (Zhang and Nozaki, 1998;
Obata et al., 2007; Zheng et al., 2016). While Co also
undergoes similar redox cycling in seawater, both reduced
and oxidized forms can exist in the soluble phase (Moffett
and Ho, 1996), often through stabilization with organic
ligands (Saito and Moffett, 2001; Hawco et al., 2016, 2018;
Noble et al., 2017; Tagliabue et al., 2018). In contrast, while
the reduced forms of Mn and Ce are generally found in the
aqueous phase, the oxidized forms are found in the particulate
phase (Stumm and Morgan, 1995; Moffett and Ho, 1996;
Nozaki, 2001).
Plumes of dMn can be oxidized in the water column to
produce particles enriched in Mn over crustal abundance relative
to a non-redox active trace element like Al or Ti (Tanoue
and Midorikawa, 1995; Lam and Bishop, 2008; Lamborg et al.,
2008; Yiğiterhan et al., 2011; Lam et al., 2015; Oldham et al.,
2017). These Mn-enriched particles have been reported with
similar enrichments in particulate Co and Ce, leading naturally
to conclusions that these elements are oxidized via a similar
mechanism such as microbial oxidation (Moffett, 1990, 1994b;
Moffett and Ho, 1996; Bargar et al., 2000; Tebo et al., 2004;
Murray et al., 2007; Spiro et al., 2010). Similar enrichments (or
depletions) in Ce can be identified by the Ce anomaly (Elderfield,
1988), where the actual concentration of dissolved or particulate
Ce is compared to the concentration of Ce predicted from
its lanthanide neighbors (i.e., La and Pr). While all the REEs
will passively adsorb and desorb from other marine suspended
particles (to varying degrees), Ce(III) can be oxidized to Ce(IV)
and form oxides that remain as particles even when the other
REEs desorb from particles and return to the dissolved pool, thus
producing the observed Ce anomaly (Equation 1):

Ce anomaly =

2(CeSN)
(LaSN + PrSN)
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currents are identified according to their temperature/salinity
signatures, potential densities, and oxygen content, and will be
shown to carry some portion of the shelf-derived material into
the central North Pacific. Particle settling removes most Mn and
Ce, but Co is preserved in the dissolved phase and incorporated
into the North Pacific Intermediate Water, observed as far away
as Hawaii. Here, using dissolved and particulate concentrations of
Mn, Co, Ce and other contextual elements, the spread of redoxmobilized shelf material is shown to be varyingly influenced
by microbial oxidation, energetic frontal subduction, and longrange lateral transport.

of soluble reduced elements and lateral transport far beyond the
immediate coastline.
In the subtropical and subarctic North Pacific Ocean, the
oxygen minimum zone extends across the entire basin from
east to west (Paulmier and Ruiz-Pino, 2009), and redoxmobilized shelf inputs of dissolved trace elements have been
observed along nearly every coast. Margin inputs have been
identified by the lateral transport of dissolved Mn (Landing
and Bruland, 1980, 1987; Martin et al., 1985; Johnson et al.,
1996; Chase et al., 2005; Noble et al., 2008), Fe (Boyle et al.,
2005; Chase et al., 2005; Elrod et al., 2004; Noble et al., 2008;
Fitzsimmons et al., 2015b), Co (Knauer et al., 1982; Fujishima
et al., 2001; Ezoe et al., 2004; Noble et al., 2008), and Ce
(de Baar et al., 1985; de Baar et al., 2018). Lateral inputs
of particulate Mn and Fe (Lam and Bishop, 2008; Lamborg
et al., 2008) were also found in subsurface waters within the
oxycline above the low-oxygen waters, but observations in the
western North Pacific were limited to a single station (timeseries Station K2) so the extent of offshore transport remained
undetermined. Nishioka et al. (2007) suggested that material
in the western North Pacific could be swept even further
into the open ocean by currents circulating in this region.
A recent study of three Japanese GEOTRACES cruises established
the importance of margin inputs and basin-wide intermediate
water masses in the distributions of dissolved Mn and Co
(Zheng et al., 2019).
The ocean currents provide boundaries and drive the major
features of the North Pacific Ocean. The Western Subarctic Gyre
(WSG) is formed by the southward moving East Kamchatka
Current along the Kuril-Kamchatka margin, the Alaskan Stream
to the north along the Aleutian Islands, and the Kuroshio Current
and Extension to the south. This circulation drives upwelling
in the WSG, which brings nutrient-rich intermediate waters to
the surface and creates a high nutrient-low chlorophyll (HNLC)
regime (Brown et al., 2005; Kinugasa et al., 2005; Nishioka et al.,
2007; Misumi et al., 2011; Tanaka et al., 2012). The long-distance
transport of crustal material from the Kuril-Kamchatka and
Aleutian Margins can supply much-needed Fe to the western
North Pacific (Brown et al., 2005; Measures et al., 2005; Nishioka
et al., 2007; Hsu et al., 2008; Okin et al., 2011; Tanaka et al.,
2012; Okubo et al., 2013; Takeda et al., 2014), which remains Felimited despite predictions of aerosol fluxes from Asian deserts
and industry (Jickells et al., 2005; Mahowald et al., 2005, 2009).
The 2002 Intergovernmental Oceanographic Commission
(IOC-2002) expedition was conducted in April-May 2002 and
included three vertical profile stations along the western North
Pacific margin including Station KNOT (44◦ N 150◦ E) as well
as six other vertical profile stations and daily surface water
collections extending from Japan to Hawaii in the central
North Pacific (Figure 1). By analyzing water samples at the
three margin stations for dissolved and particulate Mn, Co,
and Ce, we demonstrate sedimentary inputs along the entire
Kuril-Kamchatka margin. While our research does not directly
address biological processes, our evidence suggests that microbial
oxidation is partly responsible for converting the dissolved
sedimentary inputs to enriched particles which increase in
concentration in water masses flowing along the margin. These
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MATERIALS AND METHODS
Surface Sampling
Seawater was pumped through a towed surface-sampler package
(“Fish”) that was deployed at about 0.5 m depth while the R/V
Melville was underway (Measures et al., 2006). The seawater was
pumped to a HEPA-filtered laminar flow bench through acidwashed Teflon tubing. Dissolved metal samples were collected
after the seawater passed through a 0.2-µm Gelman Criti–cap
polysulfone cartridge filter into acid-washed 1 L HDPE bottles.
Samples were acidified (∼pH 1.7; 0.024 M), using 2 mL of
concentrated ultrapure HCl (Fisher, Optima grade) per 1 L of
sample. The samples were stored acidified for at least 6 months
before analysis to ensure complete release of metals from any
organic complexes.

Vertical Profile Sampling
Vertical profile samples of dissolved and particulate trace
elements were collected using 30-L Teflon-coated Go-Flo bottles
(General Oceanics) hung on a Kevlar line and lowered to
pre-determined depths at nine stations. After the bottles were
tripped and recovered, they were moved inside one of the ship’s
bays that had been converted into a positive-pressure clean
lab supplied with HEPA-filtered air. Subsamples were drawn
from the Go-Flo bottles by pressurizing them with filtered
compressed air (∼0.5 atm overpressure), forcing the seawater
through an acid-washed (1.2 M HCl) 0.4-µm pore size, 142-mm
diameter polycarbonate track-etched (PCTE) Nuclepore filter.
Dissolved samples were collected in acid-washed 1 L HDPE
bottles and acidified like the surface samples. The Nuclepore
filters were folded into quarters to contain all particulate material
on the inside of the filter and placed in plastic zip-lock bags.
Particulate samples were immediately frozen and kept frozen
until digestion and analysis.

Dissolved Sample Analysis
Filtered seawater samples were collected for dissolved trace
metals and the rare earth element suite. As this paper presents
the cycling of Mn, Co, and Ce, only these elements and those
supporting their focused interpretation (e.g., La and Pr) are
included here. However, additional manuscripts are currently in
preparation that will describe the bioactive trace metals (e.g., Fe,
Cd) and the extended REE series.
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FIGURE 1 | Map of the IOC-2002 study region: Map of the IOC-2002 study region, including relevant regions and currents. WSG, Western Subarctic Gyre. Black
dots indicate surface sampling stations, while colored dots indicate vertical profile stations. Station colors are consistent throughout the figures.

Dissolved Trace Metals

study (Supplementary Table 1). Dissolved Mn concentrations
for SAFe S and D2 were determined to be 0.90 ± 0.06 nM (vs.
the consensus value of 0.79 ± 0.06 nM) and 0.46 ± 0.05 nM
(vs. 0.35 ± 0.05 nM), respectively. Concentrations of dissolved
Co in the SAFe D2 samples (40.5 ± 1.7 pM) were close to the
consensus value (45.7 ± 2.9 pM) while our dCo measurements
of the SAFe S sample were lower than the consensus value
(2.2 ± 1.5 pM vs. 4.8 ± 1.2 pM) despite our use of UV oxidation
prior to extraction. There is still much uncertainty over the
UV intensity and duration required to release dCo from natural
organic ligands. Only six labs have reported dCo in the SAFe S
samples following UV oxidation, with reported concentrations
ranging from 2 to 7 pM (close to the reported detection limits).
Because of this uncertainty, we did not make any yield corrections
to our dCo data, but this does not affect our interpretation of
the dCo distributions and the processes affecting dCo in our
study region. Comparisons of dMn and dCo with other studies
conducted near the Hawaiian islands are shown in Figure 2.

Dissolved Mn and Co were extracted in 2007–2008 (FSU)
from seawater using an 8-hydroxyquinoline (8HQ) resin column
according to Milne et al. (2010). In brief, 60 mL aliquots of
sample (acidified to pH 1.7) were UV oxidized for 1 h (Hg-vapor
lamp, 1200 W). After allowing the UV-treated samples to cool,
12 mL aliquots of each were poured into acid-washed 15-mL
polypropylene centrifuge tubes. To quantify the concentrations
of dissolved Mn and Co, a series of standard additions (n = 4)
were made every 6–10 samples, and the samples allowed to
equilibrate overnight. Fifteen minutes before extraction onto the
8HQ resin column, each individual aliquot was pH adjusted
and buffered using a 2 M ammonium-acetate solution to a final
pH of 5.5–6.0 (∼0.17 M acetate, or ∼1 mL buffer solution
per 12 mL acidified seawater sample). Once the trace metals
in the samples were loaded onto the column (2 mL/min
flow rate), the column was rinsed with ultrapure water and
the analyte metals were eluted with 1 mL of 1.5 M quartz
distilled HNO3 and analyzed using an ELEMENT ICP-MS in
medium resolution (National High Magnetic Field Laboratory,
Tallahassee, FL, United States). Dissolved concentrations of Mn
and Co were measured in the SAFe S and D2 consensus reference
materials and were contributed to the original intercalibration

Frontiers in Marine Science | www.frontiersin.org

Dissolved Rare Earth Elements (REEs)
Another set of concurrently collected samples were analyzed in
2016-2017 (USM) for dissolved La, Ce, and Pr, as part of the
entire suite of rare earth elements. A 14-mL aliquot of sample
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◦
◦
EUC-Fe Stn 14 = 0 N 180 W, 10 September 2006 (Grenier et al., 2013).

middle and heavy REEs. A detailed report of this intercomparison
exercise is included as Supplementary Document 1, and the
comparison of dCe concentrations with those of other studies
conducted near Hawaii is shown in Figure 2.

was spiked with a mixture of isotopically enriched Nd-145, Sm149, Eu-153, Gd-155, Dy-161, Er-167, and Yb-171 (Oak Ridge
National Laboratories). Each spike was >90% enriched in the
listed isotopes. The sample/spike ratio was optimized so that the
analytical isotope ratios fall at the geometric mean of the natural
and enriched spike isotope ratios, thereby minimizing error.
Samples were then extracted/pre-concentrated using a SeaFAST
system (Elemental Scientific, Inc.) operated in offline mode,
similar to the method described by Hathorne et al. (2012). The
extracted samples were subsequently analyzed using a ThermoFisher ELEMENT XR ICP-MS operated in low-resolution mode
with an Apex-FAST high efficiency sample introduction system
with Spiro desolvator (Elemental Scientific, Inc.). The enriched
isotope spikes also served to provide counts/second calibration
factors for elements that were not spiked with enriched
isotopes. This calibration was also examined with a mixed REE
standard made in dilute 0.16 M HNO3 . Precision and recovery
were checked by analysis of a large-volume composite North
Atlantic surface seawater sample. Spiked (with a natural isotopic
abundance elemental spike) and unspiked aliquots of this sample
were analyzed twice in each analytical run. Concentrations of La,
Ce, and Pr in samples collected at the Bermuda Atlantic Time
Series location during the 2011 U.S. GEOTRACES North Atlantic
expedition compared favorably with published concentrations
(Pahnke et al., 2012; van de Flierdt et al., 2012; Middag et al.,
2015) and revealed no significant low REE oxide interferences on

Frontiers in Marine Science | www.frontiersin.org

Particulate Sample Analysis
To determine the lithogenic, biogenic, and authigenic fractions in
the particulate samples, a total digestion method was employed
(FSU, 2008), modified from the Eggimann and Betzer (1976)
procedure and later thoroughly tested in Ohnemus et al. (2014).
In brief, 2 mL of an acid mixture containing 4 M each of HNO3
(quartz distilled), HCl (Fisher Optima), and HF (Teflon distilled)
was added to a 15-mL Teflon jar (Savillex) to submerge a folded
142 mm PCTE filter. The jars were sealed and placed on an
enclosed HEPA-filtered laminar flow hotplate (“flowbox”) for 3 h
at 100–120◦ C. The jars were removed from the heat and allowed
to cool before removing the lids in a fume hood. Using a Teflon
spatula and tweezers, each folded filter was removed from the
solution and all possible liquid was squeezed into the digestion
jar. The filter was then twice rinsed with ultrahigh purity water
(18.2 MOhm-cm), squeezing after each rinse. Once all the filters
had been rinsed and removed, the jars were returned to the
hotplate where they were heated at 120◦ C until taken to dryness,
usually overnight. To oxidize any remaining organic material,
2 mL of 7M HNO3 (quartz distilled) was added to the residue
and the open jars were returned to the hotplate at 100-120◦ C until
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station 2, and dissolved concentrations were lowest across the
STG. Similarly, the average concentrations of the dREEs La
(8.0 ± 8.9–pM), Ce (3.7 ± 2.7 pM), and Pr (1.7 ± 1.3 pM) were
also highest in the WSG and lowest in the STG and exhibited
narrower concentration ranges over the study region than did
the other metals.

the samples were once again taken to dryness. Finally, the digest
residue was dissolved and transferred to an acid-washed plastic
vial using repeated rinses of 0.32 M HNO3 (∼2%, quartz distilled)
up to 20 mL final volume. Concentrations were determined using
a multi-element standard in 2% HNO3 (High Purity Standards)
with 1 ppb In correction, and validated against similarly digested
samples of the USGS CRM RGM-1, using values reported by
Eggins et al. (1997) and the Max-Planck Institute database of
Geological and Environmental Reference Materials (GeoReM,
2009). Subsequent testing of this method was shown to yield
acceptable recoveries for other reference materials such as NRC
PACS-2 and BCR-414 (Supplementary Table 1; Ohnemus et al.,
2014). The procedural sample precision was determined from
replicate analyses of the PACS-2 (n = 5) and BCR-414 reference
materials (n = 10) to be 3–5% and 3–4%, respectively, for all
elements presented here.

Vertical Distributions of Dissolved and
Particulate Trace Elements
Western Subarctic Gyre (WSG): Stations 2 (KNOT;
44◦ N, 150◦ E) and 3 (50◦ N, 167◦ E)
The surface properties of the WSG extend through the winter
(0–60 m) and spring mixed layers (60–150 m; Figure 5) and
the vertical profiles of dissolved trace elements follow similar
patterns (Figure 6). The dMn concentrations were highest (1.7–
2.1 nM) in the upper 300 m in the WSG stations 2 and 3, but
exhibited dual maxima at both stations: the shallower maximum
occurring at 60 m and the deeper maximum occurring at 300 m,
with a localized minimum (1.2–1.3 nM) centered at 100–150 m.
In contrast, dCo exhibited only a single surface maximum (85–
103 pM) at both stations, with the maximum at station 2 more
pronounced (centered at 100 m) than the broader maximum
(0–300 m) observed at station 3. The vertical profiles of the
REEs dLa and dPr steadily increased from the surface (dLa
21–24 pM, dPr 3–3.6 pM) to 1500 m (dLa 44–46 pM, dPr 5–
5.6 pM; Supplementary Table 2). In contrast, a dCe maximum
was observed in the upper 100 m at station 2 (11 pM) and a less
pronounced dCe maximum (5 pM) observed in the upper 100 m
at station 3. Below 100 m, the dCe concentrations remained
between 2 and 4 pM down to 1500 m.
While the vertical distributions of dissolved trace element
concentrations were similar between the WSG stations 2 and
3, the particulate concentrations differed greatly (Figure 7). At
station 2, particulate concentrations of Mn, Co, and Ce were
highest in the upper 300 m, with maxima occurring at 100–200 m.
The pMn maximum was broader (0.43–0.45 nM at 80–150 m)
than that of pCe (2.1 pM at 80 m), and pCo exhibited a dualmaximum feature (3.3 pM at 60 m, 3.5 pM at 150 m). Below these
maxima, the concentrations decreased rapidly except for a local
maximum at 900 m for pMn, pCo, and pCe (0.17 nM, 2.0 pM,
and 1.1 pM, respectively).
At station 3, the pMn concentrations were lower than at
station 2, with concentrations increasing from 0.03 nM at 24 m
to ∼0.10 nM at 153–300 m, and remaining at 0.09–0.13 nM
from 500–1500 m. Concentrations of pLa (0.29–0.92 pM) and
pPr (0.03–0.09 pM) exhibited maxima at 63–103 m, while pCe
(0.32–0.78 pM) increased from the surface to 1500 m and showed
a smaller maximum coinciding with those of pLa and pPr at
103 m. In general, pCo concentrations remained steady through
the upper 1500 m at values near 1 pM (0.7–1.5 pM) except for a
sharp maximum at 83 m.

Hydrographic Parameters and Nutrient
Analyses
Temperature, salinity, and dissolved oxygen were determined
shipboard on samples collected from the ship’s rosette and
from in situ measurements made by the Seabird 911 + CTD
(Measures et al., 2006). Since the original publication of the
nitrate, phosphate, and silicate data (Measures et al., 2006), it
was determined that the nutrient sample storage and analyses
were not performed to contemporary standards, so nutrient
concentrations discussed here are for qualitative purposes only.

RESULTS
The North Pacific Ocean can be divided into three general
hydrographic regions (Figure 1): the Western Subarctic Gyre
(WSG) in the north (stations 2 and 3), the Subtropical Gyre
(STG) in the south (stations 7–9), and the Mixed Water
Region (MWR) between the two gyres (stations 1 and 4–6).
The results presented here begin with an introduction of the
general hydrography of each region with additional attention
given to specific relevant hydrographic features, followed by a
summary of the distributions of the dissolved and particulate
elemental concentrations.

Surface Distributions of Dissolved Trace
Elements
The WSG is an upwelling region, characterized by low
temperatures (3-4◦ C), low salinities (32.5–33.1), and high
dissolved oxygen concentrations (∼320 µM; Figure 3).
Consistent with the upwelling characterization, the surface waters
contain high dissolved trace element concentrations (Figure 4).
Surface concentrations (0–10 m depth) of dissolved Mn, Co, La,
and Ce (as well as Pr, not shown) were highest in the upwelling
WSG (Figure 4), following the same general distribution of low
temperature and salinity values. Concentrations of dMn averaged
1.25 ± 0.52 nM (range: 0.80–3.26 nM), and concentrations of
dCo averaged 23.5 ± 31.4 pM (range: 0.4–86.8 pM). The
highest dissolved concentrations of both metals in the WSG
were found near the outflow of the Sea of Okhotsk near
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Kuroshio Current/Mixed Water Region: Station 1
(34.5◦ N, 147◦ E)
At station 1, located within the MWR just off the coast of Japan
(Figure 1), multiple water masses converge to form different
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phosphate reflect the physical circulation of the North Pacific Ocean (Measures et al., 2006). The upwelling waters of the western subarctic gyre are characterized by
low temperatures and salinities but high concentrations of dissolved oxygen and phosphate. In contrast, the downwelling subtropical gyre is characterized by higher
temperatures and salinities but lower concentrations of dissolved oxygen and nearly undetectable concentrations of phosphate.

layers, distinguishable by their physical and chemical properties
(Figure 8). Below the surface waters of the Kuroshio Current (0–
300 m, 24.5–26.6 σθ ), a low temperature-low salinity intrusion
can be seen at 455 m (Figure 5) coinciding with σθ = 26.4
(Figure 8). A second low temperature/low salinity intrusion is
also seen at 647 m (26.9 σθ ), interwoven with the lower portion of
the Kuroshio Current (527 m, 26.6 σθ ; Figure 8).
The water mass observed at 455 m is distinctive, not only
because of its low temperature (7.3◦ C) and salinity (33.8),
but also because of its high dissolved oxygen concentration
(253 µM) which exceeds even the oxygen concentration in the
overlying surface waters. Similar oxygen-rich intrusions have
been observed in this region (27.5◦ N, 145◦ E) and identified as
subsurface mesoscale features forming the North Pacific Central
Mode Water (CMW; Oka and Suga, 2005; Oka et al., 2007, 2011).
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Typically, CMW forms along the subtropical-subarctic frontal
zone, eastward along the MWR (Oka et al., 2009). However,
the observed CMW-eddy at station 1 was unique with respect
to the usual properties of CMW: not only was it oxygen-rich
(253 µM), but it was found south of the subtropical front. Because
of the similarities in properties between the subsurface CMW
eddy described in Oka et al. (2009) and the intrusion observed
at station 1 at 455 m, these two features likely result from
the same physical mechanism of mesoscale eddy subduction.
The second low temperature-low salinity intrusion at 647 m
at station 1 (26.9 σθ ) is interwoven with the lower portion
of the Kuroshio Current (527 m; 26.6 σθ ). In contrast to the
oxygen-rich water (253 µM) found at 455 m, the dissolved
oxygen concentration at 647 m is lower (107 µM). Despite some
differences in temperature and salinity, the potential density at

7

September 2019 | Volume 6 | Article 591

Morton et al.

Shelf Inputs of Mn, Co, and Ce

Surface dMn [nMJ

Surface dCe [pMJ
3.5

15

60°N

60°N

3
50°N

•• •
•
•
I

50°N

2.5
40°N

30°N

40°N

••

......•

i....,...

•

....

12.5

.Jo..•

10

=--~- -·

30°N

....•

1.5
20°N

1
10°N

. ..

•

2

•

20°N

....

180°E

160°E

160°w

5

2.5

10°N

140°E

7.5

140°E

1so•E

160°E

160°w

Surface dla [pMJ

Surface dCo [pMJ
60°N

80

50°N

60°N

25

50°N

20

60
40°N

•

40°N

••

30°N

.

40

i...., ..... ~..

20°N

•

10°N

140°E

160°E

1so•E

160°w

30°N

20

•I•

15

=--~-~ -·

•

....•

20°N

10°N

0

140°E

160°E

1so0 E

160°w

10

5

0

FIGURE 4 | Surface distributions of dissolved trace elements: surface distributions of dissolved Mn, Ce, Co, and La.

647 m (26.9 σθ ) is similar to that of intermediate waters from the
Sea of Okhotsk: the Dense Shelf Water (DSW: ∼26.8–27.0 σθ )
and Okhotsk Sea Intermediate Water (OSIW: ∼26.8–27.2 σθ )
(Andreev and Kusakabe, 2001; Shcherbina et al., 2004). Waters
from the Sea of Okhotsk enter the North Pacific at depth through
the Kuril-Kamchatka Margin, mix with waters from the WSG
and are carried south within the Oyashio Current. Intermediate
waters from the Sea of Okhotsk compose ∼25% of the Oyashio
Current at potential densities of 26.6–27.0 σθ (Yasuda et al., 2002),
which is within the potential density range of the intrusion at
647 m at station 1.
The dissolved oxygen concentration at 647 m at station 1
likely reflects the mixing of the oxygen-rich intermediate waters
from the Sea of Okhotsk (DSW and OSIW) with the oxygenpoor waters of the WSG near station 2 (Figure 1). The lower
Oyashio Current is comprised of ∼25% water from the Sea of
Okhotsk and ∼75% water from the WSG (Yasuda et al., 2002).
If these two waters mix at the proportions suggested by Yasuda
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et al. (2002), and using the DSW dissolved oxygen concentration
of 290–340 µM (Andreev and Kusakabe, 2001) and the oxygen
concentrations at the outflow of the Sea of Okhotsk (30–60 µM;
station 2), then the predicted oxygen concentrations at 647 m at
station 1 would be 95–130 µM. The measured dissolved oxygen
concentration of 107 µM at 647 m at station 1 is within this
range, and supports a mix of source waters from both the Sea of
Okhotsk and the WSG. The vertical profiles of dissolved Mn and
Co concentrations at station 1 (Figure 6) were clearly impacted
by the low temperature-low salinity intrusions at 455 and 647 m.
The shallower intrusion at 455 m contains 2.9 nM dMn and
109 pM dCo, while the deeper intrusion at 647 m contains
6.3 nM dMn and 392 pM dCo. Above, below, and between
these intrusions were dMn concentrations of 0.65–1.9 nM and
dCo at 9.6–87.4 pM, well below the trace metal-enriched waters
of the intrusions.
The dREEs concentrations were also high in the shallower
intrusion at 455 m and produce a local maximum, with a
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along the western region of the MWR as a combination of waters
from the Sea of Okhotsk, the base of the winter mixed layer in the
WSG, and the Kuroshio Current (Qiu, 1995; Talley et al., 1995;
You, 2003b, 2005).
The dissolved oxygen concentrations at stations 4, 5,
and 6 reflected the incomplete mixing of subarctic and
subtropical waters. Stations 4 and 5 had similar high oxygen
intrusions like the low temperature/low salinity intrusion
at station 1 at 455 m (Figure 5), consistent with the
continued transport and subduction of WSG waters along
the MWR and ongoing formation of the NPIW within the
STG. The various intrusions possessed similar physical and
chemical properties but were observed at different depths at
each station due to the degree of subduction by less-dense
Kuroshio waters from the south. Station 4 was located at
the northern edge of the MWR, where it was less likely to
be influenced by the lower-density Kuroshio waters (from
the south) than stations 1 and 5: thus, the CMW was less
subducted at station 4 and resided nearer the surface than at the
other two stations.
Across the MWR stations, dMn concentrations were highest
(1.2–1.6 nM) in the upper 175–250 m (Figure 6). A subsurface
dMn maximum (1.4 nM) at station 5 at 300 m (25.7 σθ ) is
coincident with the local dissolved oxygen minimum, but not
observed at stations 4 and 6. Dissolved Ce concentrations are
lowest at 500–650 m at all stations (2.5 pM at station 4, 1.7–
1.8 pM at stations 5 and 6), and highest in the upper 300 m
(5.0 pM at station 4, 3.0–3.6 pM at stations 5 and 6) but increase
with depth (3.4–4.0 pM at 1500 m, stations 4–6). Unlike dMn
and dCe distributions, dCo concentrations were lowest at the
surface (16–42 pM) and reached mid-depth maxima of 47–
55 pM at 300–900 m at stations 4–6. Similar to the dMn at
station 5, dCo also showed a shallower maximum at 300 m of

dLa concentration of 23.7 pM, dCe of 102 pM, and dPr of
4.0 pM (Supplementary Table 2). Above the 455 m intrusion, the
Kuroshio Current waters have lower concentrations of dLa, dCe,
and dPr, below the shallow intrusion, the dREEs steadily increase
in concentration with depth, but no second maximum at 647 m
is observed for any of the light REEs.
The vertical distributions of particulate Mn, Co, and
Ce concentrations were also affected by the intrusions
at 455 and 647 m (Figure 7). Particulate Mn and
Ce were highest at 455 m (0.97 nM and 3.1 pM,
respectively), while the pCo maximum extended across
the entire 455–647 m range (3.1–4.6 pM). Smaller
maxima were also observed at 40 m for pCo (2.5 pM)
and pCe (0.9 pM).

Kuroshio Extension/Mixed Water Region: Stations 4
(39.3◦ N, 170.5◦ E), 5 (33.5◦ N, 170.5◦ E), and 6 (30.5◦ N,
170.5◦ E)
Stations 4–6 transect the east-west flow of the Kuroshio Extension
(Figure 1), and the hydrographic features at these stations are
a mix of the two contrasting gyres that form the MWR. The
upper waters of station 4 (0–200 m) have temperature and
salinity values that fall between the subarctic and subtropical
gyres (Figure 5). Station 4 is midway across the MWR, possessing
two small salinity minima at 150 and 300 m. Below these minima
(200–1400 m) the temperature and salinity values are similar to
those of the WSG stations 2 and 3 in the same depth range. The
temperature and salinity at stations 5 and 6 in the upper 400 m
are almost identical in structure to station 1 (depths 0–400 m),
but also show a broad salinity minimum (300–1400 m) centered
at ∼600 m. This salinity-minimum feature spreads across much
of the North Pacific Ocean (26.3–26.8 σθ ; Figure 8) and is known
as the North Pacific Intermediate Water (NPIW), which forms
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44 pM, coincident with the local dissolved oxygen minimum
at this station.
Dissolved
REE
concentrations
increased
almost
linearly with depth at stations 4–6, with upper ocean
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(Figure 7). In contrast, particulate concentrations at station
5 showed a slight surface enrichment for pCo (1.3 pM)
but not for pMn or pCe and vertical distributions that
slightly increased from low surface concentrations with depth.
The particulate concentrations at intermediate depths (500–
1500 m) were similar at stations 4 and 5 (pMn = 0.1–
0.2 nM, pCo = 0.8–1.2 pM, and pCe = 0.8–1.0 pM).
Note that particulate concentrations for station 6 are not

at stations 5 and 6 (dLa = 4.6–11.6 pM, dPr = 0.1–
1.8 pM). Below 500 m, dREE concentrations remained
relatively constant at all stations (dLa = 30–40 pM,
dPr = 3–5 pM).
The vertical distributions of particulate TEs at station 4
were characterized by subsurface maxima at 250–300 m of
Mn (0.3 nM), Co (3.2 pM), and Ce (1.6 pM), similar to
the dMn and dCo maxima at this same station and depth
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reported, as these samples were used initially during method
optimization trials.

the NPIW, identifiable by a salinity minimum that lies at
depths of 400–800 m at potential density surfaces of 26.5–
27.5 σθ (Figure 8).
Dissolved trace element concentrations are influenced by
these physical features. Concentrations of dMn were highest
(0.7–1.1 nM) in the upper 100 m and decrease to a minimum
(∼0.2 nM) at 250 m (Figure 6). In general, there was a slight
increase in dMn concentrations (0.3–0.5 nM) down to 1500 m,
except for a subsurface maximum of 1.1 nM at 648 m at
station 7, which was coincident with the salinity minimum
at this station. No such feature existed for dMn at stations

Subtropical Gyre: Stations 7 (24.25◦ N, 170.3◦ E), 8
(26◦ N, 175◦ W), and 9 (ALOHA; 22.5◦ N, 158◦ W)
High temperatures (24–27◦ C), high salinities (35–35.5), and
low densities (23.5–24 σθ ) characterize the surface waters of
the STG. While the WSG is an upwelling region that can
supply trace metal-enriched mid-depth waters to the surface,
the STG is a downwelling region that depresses the subsurface
waters. In the central STG, the most notable water mass is
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8 and 9, but dCo concentrations reached a maximum (52–
75 pM) within the salinity minimum at all STG stations.
Concentrations of dCo decreased above these maxima to 4–
16 pM at the surface and below to 32–35 pM at 1500 m.
Dissolved Ce concentrations ranged 1.1–3.4 pM, similar to
the concentrations found at depths below 200 m at stations
3–6 (Figure 6). However, the vertical profiles lacked any
distinguishing features at stations 7 and 8 beyond slightly
higher concentrations in the upper 200 m (1.6–2.4 pM) and
minimum concentrations (1.1–1.3 pM) at 300–500 m. The
vertical profiles of dLa and dPr at all three STG stations
were nearly identical: upper ocean (0–300 m) concentrations
of dLa were 3.4–7.8 pM which gradually increased to 36–
37 pM at 1500 m, and dPr concentrations at 0–300 m
were 0.7–1.1 pM increasing to 4.3–4.4 pM at 1500 m
(Supplementary Table 2).
The STG samples contained some of the lowest particulate
concentrations observed in this study (Figure 7). Particulate
Mn concentrations were less than 0.01 nM in the upper
100 m, increasing to 0.09–0.10 nM at 1500 m. Particulate Ce
concentrations were also lowest in the upper 150 m (0.1–0.2 pM)
and gradually increase with depth to 0.6–0.9 pM at 1000–
1500 m. In contrast to pMn and pCe, vertical distributions
of pCo showed some variability throughout the water column,
including subsurface maxima (1.1–2.2 pM) at 60–150 m and
deeper maxima of 1.1–2.2 pM at all three stations at 500–775 m.

Inputs of Shelf-Derived Redox Active
Elements in the WSG
The upper ocean maxima in dissolved and particulate Mn,
Co, and Ce in the WSG (station 2, Figures 6, 7) suggest
a fluvial, atmospheric, and/or shelf input of material. During
the IOC-2002 expedition, the strongest evidence of fluvial
material to the North Pacific along our transect was near the
Hawaiian islands, where high concentrations of dissolved Fe
and Al were concurrent with lower salinity (Brown et al.,
2005; Measures et al., 2005), far from the Kuril-Kamchatka
margin where the upper ocean plume of Mn, Co, and Ce
were observed. Aerosol and surface ocean samples were also
examined for evidence of atmospheric deposition of trace
metals. Aerosol concentrations of Se and Ag (Ranville et al.,
2010), Sb (Cutter and Cutter, 2006), and Pb (Gallon et al.,
2011; Zurbrick et al., 2017) indicate that coal combustion
from Asia produces aerosols enriched in anthropogenic-derived
material. After deposition of these aerosols to the surface
ocean, nearshore waters enriched in anthropogenic material
can be subducted and advected laterally to produce high
dissolved concentrations at intermediate depths, as in the case
of Ag (Ranville and Flegal, 2005) and Pb (Zurbrick et al.,
2017). While anthropogenic aerosols have been shown to be
a source for some metals to the western North Pacific in
other studies as well (e.g., Lin et al., 2007; Hsu et al., 2010;
Kim et al., 2012), the concentrations of lithogenic tracers
like Al (Measures et al., 2005; Buck et al., 2006) and Ga
(Shiller and Bairamadgi, 2006) in aerosol and surface ocean
samples collected during the IOC-2002 expedition fell below
model predictions (Measures et al., 2005; Buck et al., 2006),
despite the expedition occupying the western North Pacific
during the season of maximum Asian dust inputs. During
four dust events encountered during this cruise, concentrations
of Fe in aerosols were shown to be highest in the western
North Pacific and similar in composition to crustal material,
but the aerosol Fe concentrations rapidly diminished with
distance from the coast (Buck et al., 2006). Overall, dissolved
Fe concentrations in surface waters in the western North Pacific
were low (0.1–0.3 nM; Brown et al., 2005), consistent with low
atmospheric input and rapid biological uptake in an HNLC
region. Therefore, while aerosol inputs are important for some
elements in the western North Pacific Ocean, especially those
elements enriched in anthropogenic sources, relevant research
in this region (even during this same expedition) showed that
atmospheric deposition is not as likely to be the primary
source of redox-active lithogenic elements in a subsurface plume
as a shelf source.
When considering the origin of the subsurface Mn, Co, and
Ce plume within the western subarctic gyre (Stations 2 and 3), the
supply of trace metals like Fe and Mn from the nearby continental
margin has been well documented (Nishioka et al., 2007; Lam
and Bishop, 2008; Lamborg et al., 2008; Tanaka et al., 2012;
Nishioka and Obata, 2017; Zheng et al., 2019). Our own data
support that the shelves are an important source of dMn to the
WSG, based on the dissolved and particulate Mn distributions
at stations 1–3. At station 2, the upper 600-m can be divided

DISCUSSION
Our results are reasonably explained by the release of redoxmobilized dissolved Mn, which is converted in situ to particulate
Mn. Our discussion is framed by considering the relative
importance of each input, removal, and internal transformation
term, even though the individual terms cannot be adequately
quantified with our data set. The equation summarizing the rate
of change in dissolved or particulate trace elements is given in
Equation 2,
dC
= ∇C + ∇ 2 C + J
dt

(2)

where dC/dt is the net flux of material (e.g., as nmol m−3
d−1 ), ∇C is the advective flux in three dimensions, ∇ 2 C
is the turbulent mixing flux in three dimensions, and J is
the change in concentration from internal processes. The J
term includes scavenging, settling particles, biological uptake,
regeneration, and reduction-oxidation processes. The following
sections introduce the different processes involved in the
shelf inputs and lateral transport, the evidence for biological
Mn-oxide production, the effects of Mn-oxides on Ce and
Co cycling, and ultimately their lateral transport across the
North Pacific Ocean.
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into three layers: a layer of high dMn in the oxygen-rich surface
waters (0–80 m), a pMn plume at 80–150 m that coincides with a
sharp oxycline and a localized dMn minimum, and a subsurface
dMn maximum that decreases with depth, concurrent with low
dissolved oxygen concentrations and the disappearance of the
pMn plume (below 150 m). High dMn concentrations extend
below the immediate surface waters to 300 m and show a double
maximum (Figure 9), near the surface (0–60 m) and below the
oxycline (200–300 m). As dMn is released from the sediments
of the Kuril-Kamchatka margin (Lam and Bishop, 2008), it can
undergo redox transformations at the sediment-water interface
and/or during transport to the WSG. Centered between the two
dMn maxima is a maximum in pMn (80–150 m, 0.44 ± 0.01 nM)
that overlaps the oxycline (100–230 m) and could result from
resuspension of shelf-derived material, scavenging, or biological
uptake or oxidation of dMn. Above the pMn maximum, dMn
is likely sustained in the surface (0–80 m) by photochemical
reactions with dissolved organic carbon that either inhibit the
formation of pMn or transform pMn to dMn through reductive
photochemical dissolution (Sunda, 2012; Hansel, 2017). Below
the pMn maximum (150–300 m), low oxygen concentrations
prevent Mn oxidation, and so the dMn plume originating from
the margin persists. Furthermore, the pMn plume at 80–150 m is
20–25% of the total Mn (dMn + pMn), and the depth-integrated
concentration of pMn over the upper 300 m is 82.9 µmol m−2 ,
which closely matches the “missing” depth-integrated (80–150 m)
dMn concentration of 104.7 µmol m−2 . Noticeably absent
from the upper 600-m is any indication of a concurrent pTi
plume (Supplementary Table 2), which would indicate offshore
transport of atmospheric or marine resuspended lithogenic (i.e.,
non-redox mobilized) material.

Station 2
0

300

350

0
200
400
,-..

E
.__,

600

...0

a
V

800

Cl

1000
1200

---- pMn (nM)
• • • • • • Disso lved Oxygen (11M)
-0- dMn (nM)

1400
0.0

0. 1

0.2

0.3

0.4

0.5

2.0

2. 5

pMn (nM)
0.0

0. 5

1.0

1.5

dMn (nM)
FIGURE 9 | Dissolved (dMn) and particulate Mn (pMn) profiles with dissolved
oxygen concentrations at station 2.

Enrichments of Mn, Co, and Ce and the
Composition of the pMn Plume

the coincidence of the pMn, pCo, and pCe enrichments; and
the extensive documentation of biological Mn oxidation and its
influence over other trace element cycles – the natural conclusion
is that the pMn plume is composed of Mn-oxides, biologically
produced from dMn originating from the nearby shelf.

The composition of the pMn plume can be better identified
by comparing against a crustal tracer like pTi. In the pMn
plume at 80–150 m station 2 (Figure 10), the pMn/Ti ratio
is roughly tenfold higher than crustal abundance (1.7–2.5 mol
Mn/mol Ti at 80–150 m, vs. an average crustal abundance value of
0.18 mol Mn/mol Ti, Rudnick and Gao, 2003). This enrichment
suggests that the pMn is not simply a result of the resuspension
of sedimentary material or atmospheric deposition of crustal
material, but more likely is produced during lateral transport
of dMn released from the shelf. Microbial processes capable
of oxidizing dMn are well-documented (Moffett and Ho, 1996;
Bargar et al., 2000; Tebo et al., 2004; Dick et al., 2008; Spiro et al.,
2010; Toyoda and Tebo, 2016), and these same microbes or the
Mn-oxides they produce can also scavenge and/or oxidize dCo
and dCe (Tebo et al., 1984, 2004; Moffett, 1990, 1997; Moffett
and Ho, 1996; Learman et al., 2011; Schijf et al., 2015; Hansel,
2017). At station 2, the maxima of particles enriched in Co and
Ce (based on the vertical profiles of pCo/Ti and the pCe anomaly)
coincide with the pMn/Ti maximum within the oxycline. When
all the facts are considered in concert – the concurrence of the
localized dMn minimum with the pMn maximum at station 2; the
lack of evidence of a plume of resuspended lithogenic particles;
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Particulate Mn Removal via Settling
Particles
The pMn plume could be lost from the upper ocean as
settling particles, as was observed by Lamborg et al. (2008).
Concentrations of trace elements like Mn and Al were
determined in settling material collected in sediment traps at
station K2 (47◦ N 160◦ E; Lamborg et al., 2008) which is near
our station 2 (44◦ N 155◦ E). While the analytical and natural
variability prevent a more precise estimate of the sediment trap
particle composition, the estimated Mn/Al ratios in the sediment
traps at K2 suggest that the settling particles are approximately
three times enriched over crustal abundance, and our own
suspended particles at station 2 are enriched tenfold over crustal
abundance (relative to Ti). The differences in enrichment could
be due to spatial variations, temporal variations (K2: June-July
2004; station 2: April 2002), filter pore size (K2: 1.0 µm; station
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concentrations of pMn (and other elements associated with the
Mn particles) to accumulate within the Oyashio waters and be
transported offshore.
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Dissolved and Particulate Ce-Anomalies
The influence of Mn-oxides over dissolved and particulate REE
distributions can be explored by considering both the dissolved
and particulate Ce anomalies at station 2. The dCe (Figure 6) and
pCe concentrations (Figure 7) are highest in the upper 300 m at
station 2, while dissolved concentrations of La and Pr are lowest
at the surface and steadily increase with depth (Supplementary
Table 2). While an atmospheric source of this surface maximum
of Ce (and other REEs) might be plausible, the dissolved and
particulate Ce anomalies argue against an atmospheric source
of lithogenic material. The dCe anomaly (normalized to PAAS)
is overall depleted (0.05–0.25) throughout the upper 500 m
(Figure 11). Our dCe anomalies compare favorably with those
from VERTEX IV (28◦ N, 155◦ W; de Baar et al., 2018): the upper
waters are similarly depleted, with the highest dCe anomaly of
0.22–0.35 in the upper 150 m, declining quickly to a dCe anomaly
of 0.05 by 500 m. This overall depletion indicates that dCe is
being preferentially removed relative to dLa and dPr. A likely
mechanism for this removal is via oxidation by pMn-oxides
or Mn-oxidizing microbes, as evidenced by the pCe anomaly
which coincides with the pMn/Ti maximum (Figure 10), which
could oxidize dCe to particles that are removed by settling.
Furthermore, the dCe anomaly is highest near the surface,
coincident with the surface maximum in dMn, but in contrast no
such dCe anomaly is observed with the deeper dMn maximum
(150–300 m). The contrast between dCe and dMn is consistent
with a supply of dMn that is oxidized to pMn during offshore
transport. Particulate Mn-oxides are prohibited from forming
or are photochemically dissolved near the surface (Sunda et al.,
1983; Sunda and Huntsman, 1988, 1994), which in turn would
prevent the subsequent oxidation of dCe to pCe oxides in the
upper 80 m at station 2. Within the pMn plume (80–150 m),
the dCe is oxidized and forms particles enriched in Ce relative
to La and Pr, thus producing the pCe anomaly maximum. Below
the pMn plume, pMn oxides are transformed to dMn through
reductive dissolution in the low oxygen conditions, but pCe
appears to be unable to dissolve as quickly as pMn oxides and
is therefore likely lost as settling particles from the upper ocean.
The production and removal of Ce-enriched particles steadily
depletes the dCe relative to the other dREEs. Therefore, the upper
300 m waters are also depleted in pCe (which are produced
in dCe-depleted source water) except at the pMn maximum,
due to preferential oxidation and scavenging of redox-mobilized
dCe from the shelf and exacerbated by low inputs of lithogenic
material from atmospheric or resuspended shelf sources.
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FIGURE 10 | Enrichments of particulate Mn (pMn/Ti), Co (pCo/Ti), and Ce
(pCe anomaly) over crustal abundances.

2: 0.4 µm), or even reductive dissolution or desorption of settling
particles as they pass through the low oxygen waters below 300 m
(Figure 9). Regardless of the differences, both the suspended
particles at station 2 and the settling particles from K2 are
enriched in Mn and suggest that some fraction of the pMn-oxides
are indeed lost by settling.
Therefore, the extent of lateral transport of the Mn plume
depends on the contrast between the settling rate of pMn
and current velocity that can advect the shelf-derived material
offshore. The residence time of the pMn plume can be estimated
using the depth-integrated concentration at station 2 and the
sediment trap settling fluxes at K2 (Lamborg et al., 2008). The
depth-integrated pMn concentration in the upper 150 m at
station 2 is 46 µmol m−2 , and the range of settling fluxes at
nearby station K2 is 111 ± 67 nmol m−2 day−1 from neutrally
buoyant sediment traps (NBST) and 175 ± 117 nmol m−2 day−1
from surface tethered “CLAP” traps (Lamborg et al., 2008). The
resulting residence time of pMn at station 2 is 415 ± 251 days
(NBST) or 265 ± 177 days (CLAP). This pMn residence time
exceeds the 54–108 days required for the Oyashio Current
to travel from station 3 to station 1 (1860 km), assuming a
velocity of 0.2–0.4 m/s (Ohshima et al., 2005), allowing the
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Biological Controls Over Particulate Co
Biological demand also influences the distributions of trace
metals like Co in the WSG. While Mn is a bioactive trace
metal, its concentrations are usually found in excess of biological
demand and therefore are not considered limiting (Sunda and
Huntsman, 1996, 2000; Morel et al., 2003). Cobalt also plays a
critical biological role in marine microbes, as an essential trace
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the majority of the dCo originating from the shelf with dMn
and dCe is preserved in the dissolved fraction, probably due
to the combined effects of an oxidized form that is soluble
and the prevention against particulate scavenging and loss by
organic ligands.
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Lateral Transport of Shelf Material From
the WSG
Material supplied to the WSG from the shelf is transported by
ocean currents far beyond the source. The Oyashio Current
travels along the Kuril-Kamchatka margin from north to south
(station 3 to 2) and then collides with the Kuroshio Current
coming up from the south (station 1), gradually mixing eastward
along the MWR (transected by stations 4–6) and into the central
subtropical gyre (stations 7-9; Figure 1). This region between the
Oyashio and Kuroshio is known as the MWR for good reason:
the confluence of the currents generates numerous surface and
subsurface eddies as well as mode and intermediate water masses
which can travel throughout the western and central North
Pacific Ocean (Talley and Yun, 2001; Mitsudera et al., 2004; You,
2005; Oka et al., 2009; Oka and Qiu, 2012). Depending on the
relative rate of transport and removal, waters subducted in the
WSG will carry with them any dissolved or particulate material
introduced prior to their subduction.
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The oxygen-rich waters transported out of the WSG are also rich
in dissolved and particulate Mn (Figure 12). Upon encountering
the Kuroshio Current at station 1, the parcel at 26.4 σθ is
subducted from ∼150 m in the WSG to 455 m at station 1, while
the parcel at ∼27 σθ is subducted from 300 m in the WSG to 647
m at station 1. The water parcel at 26.4 σθ increases in both dMn
and pMn concentrations as well as the pMn/Ti enrichment from
north to south (from station 3 to 2 to 1), consistent with ongoing
inputs of redox-mobilized shelf material and in situ microbial
oxidation. The lower parcel at ∼27 σθ is enriched in dMn but not
pMn, as these waters originated below the oxycline and within the
oxygen minimum zone. The lower rate of Mn scavenging in the
low oxygen waters may have preserved the shelf inputs of Mn in
the dissolved state and also dissolved some portion of the settling
pMn-oxides. Concentrations of both dMn and pMn continued to
accumulate along the shelf until reaching the maximum observed
concentrations at station 1.
Cobalt and Ce were also transported along this same pathway
(Figure 13). In the 26.4 σθ parcel, concentrations of dCo
remained almost unchanged, from 103 pM at station 2 to 109 pM
at station 1, but dCo concentrations increased greatly in the
27 σθ parcel, reaching a concentration of 392 pM at station 1.
The lack of a dCo increase between stations 3 and 2 at 27 σθ
indicates that the source of dCo at these depths is a lateral input
located further downstream of station 2, likely generated during
the turbulent outflow of intermediate waters from the Sea of
Okhotsk (Yasuda et al., 2002; Yasuda, 2004). Similar enrichments
of trace metals by this mechanism have been observed for Fe
(Nishioka et al., 2007) and possibly even Hg (Laurier et al.,
2004). As the 27 σθ water mass continues southward beyond the

FIGURE 11 | Dissolved (dCe) and particulate Ce (pCe) anomalies at station 2,
showing the vertical offsets and differing scales between the two phases.

nutrient for carbonic anhydrase and cobalamins, for example
(Morel et al., 2003; Saito et al., 2005), but its concentrations
are much lower than those of dMn. As such, dCo is often
observed to be complexed with strong organic ligands in the open
ocean, thus preserving its solubility and potential bioavailability
(Ellwood and van den Berg, 2001; Saito and Moffett, 2001; Noble
et al., 2017; Tagliabue et al., 2018). The dissolved-particulate
partitioning of Mn and Co at station 2 is evidence of these
differences, where pMn constitutes up to 25% of the total Mn,
while the pCo is only a small fraction of the total Co (2–6%),
likely due to an oxidized form [i.e., Co(III)] that is soluble
(Moffett and Ho, 1996) and complexed by organic ligands (Noble
et al., 2012). The vertical profile of pCo concentrations features
two maxima in the upper 300 m (Figure 7): the shallower
maximum at 60 m coincides with the chlorophyll a maximum
in the upper 50 m (Measures et al., 2006) while the deeper
maximum at 150 m coincides with the pMn/Ti maximum,
suggesting co-oxidation with Mn oxides like Ce. Below 150 m,
the pCo concentrations rapidly decrease across the oxycline, but
dCo concentrations are slightly elevated at 300 m, consistent
with the desorption and reductive dissolution of dCo from the
pMn-oxides through the oxygen minimum zone. In summary,
it is likely that the pCo profile reflects influences by active
biological uptake by phytoplankton (50–60 m) and scavenging
(and possibly oxidation) by pMn-oxides at 80–150 m. However,
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the photochemical inhibition of oxide production in the surface
waters (Sunda and Huntsman, 1988, 1994; Moffett, 1994b, 1997)
which would prevent the loss of Mn by particle scavenging.
This lack of Mn oxidation could also suppress the conversion
of dCe to pCe-oxides through scavenging and co-precipitation
with pMn-oxides. While the cycles of Mn, Co, and Ce
might be coupled near the shelf, subtle differences in their
biogeochemistry should become more apparent once the water
masses containing shelf-derived material move further from
the shelf source.

extent of our sampling locations (You, 2005), the distinctive trace
metal properties of this feature have remained largely unexplored
except for its influence on the formation of the North Pacific
Intermediate Water (NPIW) encountered throughout the central
North Pacific Ocean (stations 6–9).

Shelf Fluxes to the WSG
The shelf fluxes of Mn, Co, and Ce to the WSG can be
estimated using the increase in concentrations from station 3 to
1 (1860 km), assuming a current velocity of 0.2–0.4 m s−1 for the
Oyashio Current (Ohshima et al., 2005). Within the 26.4 σθ water
mass, the dMn concentrations increase from 1.34 nM to 2.91 nM,
an increase of 1.57 nM over 54–108 days. The resulting flux of
dMn from the shelf along the 26.4 σθ isopycnal is 5.3–10.6 nM
yr−1 . Similarly calculated, the pMn shelf flux is 3.1–6.2 nM yr−1 .
Fluxes of dissolved and particulate Co are 96.2–192.3 pM yr−1
and 7.9–15.8 pM yr−1 , respectively, and fluxes of dissolved and
particulate Ce are 21.2–42.3 pM yr−1 and 8.7–17.4 pM yr−1 .

Rate of Particulate Trace Element Loss With Offshore
Transport
Moving offshore along the 26.4 σθ isopycnal surface from station
1 to stations 4 (300 m) and 5 (500 m), there is no more shelf
supply of dissolved trace elements to the water mass. Without the
additional supply of dissolved material, the dissolved Mn, Co, and
Ce should decrease due to ongoing scavenging and co-oxidation
with pMn. The rates of loss of Mn, Co, and Ce can be estimated
by assuming that the conversion of dissolved to particulate phases
is the rate-limiting step, is first order using Equation 3

Offshore Transport of Trace Elements
The Oyashio and Kuroshio Currents turn eastward near station 1,
away from the supply of trace elements from the shelf. At stations
4 and 5, water masses with low salinities and high dissolved
oxygen concentrations are observed within the same isopycnal
range as the two intrusions observed at station 1 (Figures 5,
8). While maxima in pMn and pCe are observed at 250–300 m
at station 4 (26.6–26.7 σθ ), no other particulate maxima are
observed within these depths and density ranges at the other STG
stations. In contrast, pCo maxima are found at stations 4 and 7–9
at intermediate depths (300–800 m).
The dissolved concentrations of Mn also decrease with
distance from the shelf, remaining at concentrations near
1 nM (0.8–1.6 nM) in the upper 300 m (Figures 4, 6). The
concentrations of dMn in the upper ocean can be resupplied
by episodic atmospheric deposition (Buck et al., 2013) and/or
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At = A0 e−kt

(3)

where At is the final concentration at station 4 or 5, A0 is
the original concentration at 455 m at station 1, and t is
the travel time from station 1 to stations 4 or 5. While the
Kuroshio Current is a fast-moving western boundary current
(0.7–1.0 m s−1 ; Mitsudera et al., 2004), we apply a more modest
velocity of 0.2–0.4 m s−1 for the offshore extension of the
Kuroshio. The dMn decreases from 2.91 nM at station 1 to
0.86 nM and 0.45 nM at stations 4 and 5, respectively, and
result in a Mn loss rate of 0.10–0.30% d−1 . Similarly, the Ce
loss rate is 0.09–0.28% d−1 , closely matching that of Mn and
supporting their concurrent removal. These rates are lower
than the estimated oxidation rates of Mn (2–3% d−1 ) and Ce
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the central North Pacific (stations 7–9), show the gradual
mixing of multiple water masses to form a single water
mass – the NPIW – with a characteristic mid-depth salinity
minimum. Evidence of the long-range transport of coastal
material, including Fe, Hg, and terrestrial DOC, from the
Sea of Okhotsk and the WSG, has been found within the
NPIW (Hansell et al., 2002; Hernes and Benner, 2002; Tani
et al., 2003; Nakatsuka et al., 2004a,b; Nishioka et al., 2007;
Misumi et al., 2011; Hammerschmidt and Bowman, 2012;
Tanaka et al., 2012).
The widespread distribution and temporal variability of
dissolved trace element distributions in the NPIW can be
observed in comparisons with similar studies conducted near
our IOC2002 station 9 (ALOHA). Dissolved Mn concentrations
at ALOHA and nearby locations in the STG are compared
in Figure 2 and show a variable but persistent surface
maximum that overlies a subsurface minimum around 300 m
(Martin et al., 1985; Landing and Bruland, 1987; Boyle et al.,
2005; Noble et al., 2008; Zheng et al., 2019). Dissolved Ce
concentrations are consistently low, ranging from 1 to 5 pM
(Fröllje et al., 2016), with a slight surface maximum but
no other obvious structure throughout the water column,
even at sites further from ALOHA (EUC-Fe station 14 at
◦
◦
0 N, 180 W; Grenier et al., 2013). Unlike dMn and dCe,
the concentrations of dCo remain high (maxima near 40–
80 pM) in the 300–1000 m range across the MWR and STG
(stations 4–9; Figure 6). Similar features in dCo have been
reported in waters to the southwest of the Hawaiian islands
(Noble et al., 2008) with a subsurface maximum observed
at depths of 400–600 m (Figure 2) and a potential density
range of 26.5–27.0 σθ . A recent high-resolution section along
◦
160 W further illustrates the extent of this intermediate water
dCo maximum, where high dCo concentrations are observed
throughout the NPIW at 400–600 m depth, from 25 to
45◦ N (Figure 3 of Zheng et al., 2019). When comparing the
vertical profiles of dCo concentrations from our IOC2002
expedition with the nearby stations from Noble et al. (2008)
and Zheng et al. (2019), the subsurface dCo maximum within
the NPIW is observed in all profiles shown in Figure 2 but
the magnitude of the maximum itself exhibits some variability.
The maximum dCo concentrations observed in the NPIW
range from 56.2 pM at station ALOHA (IOC2002 Stn 9)
to 84.1 pM at stations to the southwest of the islands (EFlux III, In 3; Noble et al., 2008). Note that lower dCo
concentrations were observed at stations immediately to the
north (Zheng ST07) and south (Zheng ST08) of IOC2002
station 9 (ALOHA) by Zheng et al. (2019), due to incomplete
Co recoveries resulting from the lack of a UV-oxidation step
which liberates organically complexed Co. However, assuming
that dCo concentrations without UV-oxidation are ∼60% of
those obtained with UV-oxidation (as noted in the 2013
SAFe Co report), the concentrations reported by Zheng et al.
(2019) at their stations ST07 and ST08 would be ∼70 pM
and comparable to the concentrations found in the other
nearby studies. In addition to variations in the biogeochemical
processes along the shelf (sedimentation rates, organic carbon
remineralization, etc.) as well as biological uptake and scavenging
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FIGURE 14 | Dissolved Co in the NPIW: The highest concentrations of dCo
(pM) are found in the lowest salinity water and in the 26.0–27.3 σθ isopycnal
range. Linear regression line of dCo and salinity is described by the equation
[dCo (pM)] = (–37.8 ± 1.6) × (salinity) + (1325 ± 55); r 2 = 0.789.

(0.3–0.8% d−1 ) reported by de Baar et al. (1988) and Moffett
(1990), respectively. Moffett (1990) also noted that marine Mn
oxidation rates were 3–4 times faster than Ce oxidation rates, in
contrast to our similar dissolved Mn and Ce loss rates. Therefore,
our dissolved trace element loss rates are likely not accurate
estimates of oxidation rates, but include other processes such
as scavenging and particle settling that were not incorporated
in the direct measurements made by Moffett (1990). The loss
rate of dCo (0.05–0.17% d−1 ) is about half of the Mn or Ce
loss rate, suggesting that while co-oxidation with Mn-oxides
is occurring, other processes such as biological uptake and
organic-complexation act to decouple the Co cycle from those
of Mn and Ce. In summary, the loss of dMn and dCe are
likely to continue through scavenging and microbially mediated
oxidation after leaving the shelf. This ongoing conversion of dMn
and dCe to settling particles is in contrast to the preservation
of Co in the dissolved phase, observable as a subsurface
maximum associated with the salinity-minimum core of the
NPIW across the North Pacific Ocean (Noble et al., 2008;
Zheng et al., 2019).

Trace Elements in the NPIW
The partially mixed waters at station 1 from 455 to 647 m
are the precursor of the NPIW, which forms with a core
potential density of ∼26.8 σθ (26.5–27.5 σθ ) from the Kuroshio
Current and waters from the WSG, including contributions
from both the Oyashio Current and the Sea of Okhotsk
(Talley et al., 1995; Yasuda et al., 2002; You, 2005). The
changes in temperature and salinity within this potential
density range of 26.5–27.5 σθ , from the WSG (stations
2 and 3) across the MWR (stations 1, 4–6) and into
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using the same biochemical pathway as that of Mn (Moffett,
1994b; Moffett and Ho, 1996), our results can also be explained
by the scavenging and oxidation of Co and Ce by the Mn-oxides
themselves (De Carlo et al., 1997; Tebo et al., 2004). Due to the
reactivity of the Mn oxide phases, it is possible that the cycling
of Mn could affect other trace metals in addition to Co and Ce,
through scavenging, oxidation, and/or reductive dissolution.
The physical circulation is also critical to the transport of
redox active elements from the shelf to the open ocean. The Sea
of Okhotsk is a region of seasonal sea-ice formation and brine
rejection, which influence the densities, depths, and intensity of
surface and intermediate waters circulating in the WSG. Longterm disruptions of sea ice formation in the Sea of Okhotsk
(Paik et al., 2017) will subsequently change the properties of the
Okhotsk Sea intermediate waters and the WSG winter mixed
layers, both of which play critical roles in determining the
properties of the NPIW and the offshore transport of redox-active
trace elements to the North Pacific Ocean.

rates of dCo offshore, the variations in NPIW dCo concentrations
also partially result from annual and seasonal meanders of
the Kuroshio Current and Extension and the hydrography
of the western subarctic gyre (Bograd et al., 1999; Kinugasa
et al., 2005; Oka et al., 2007; e.g., Talley et al., 1995; You,
2003a, 2005; Yasuda, 2004; Qiu and Chen, 2005): each of these
circulation patterns directly affect the formation of the NPIW,
and subsequently the horizontal distribution of dCo across the
central North Pacific Ocean.
The characteristic salinity minimum of the NPIW makes
an ideal tracer for testing the hypothesis that dCo is supplied
from the margins to the WSG. Other studies have shown
strong relationships between dCo and salinity in the northeast
Pacific Ocean (Knauer et al., 1982) and the north and south
Atlantic Ocean (Saito and Moffett, 2002; Dulaquais et al.,
2014). The surface salinities of the WSG are distinctively low
(Figure 3), and comparing dCo against salinity across the
entire study region reveals that dCo concentrations in the
western North Pacific are negatively correlated with salinity
(Figure 14), and the relationship can be described by the linear
equation [dCo] = (−37.8 ± 1.6) × (salinity) + (1325 ± 55)
(R2 = 0.789; excluding the highest concentration of 392 pM
from the 647 m Okhotsk Sea intrusion at station 1). The
strength of the relationship between dCo concentrations and
salinity supports our conclusion that the Sea of Okhotsk and
the WSG are the primary sources of dCo found in the NPIW,
transporting dCo at intermediate depths throughout much of the
North Pacific Ocean.
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